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Abstract  




Rock provenancing, best done by a combination of total petrography and whole rock geochemistry, often requires further supporting evidence that may include detailed mineralogy, mineral geochemistry and precise fossil or radiometric dating. Even with all of these data, accurate pin-point provenancing is a difficult art unless the rocks are highly distinctive carrying an unusual mineral assemblage as in the case of glaucophane-bearing temper in some Welsh prehistoric pottery (Williams and Jenkins 1997) and stilpnomelane-bearing rhyolite from Craig Rhos-y-felin (Ixer and Bevins 2011) where source areas as small as tens of metres have been suggested.

With less distinctive rocks provenancing is best done by outlining their total history; for clastic sedimentary rocks this means describing their initial sedimentation and source areas together with their full diagenetic history and all post-diagenetic/post-depositional changes. 

The two bluestone sandstone lithologies found at Stonehenge and attempts at provenancing them illustrate this problem as the relevant archaeological literature is replete with incorrect lithological identifications and geographical attributions, some leading to major archaeological ‘errors’. 

Despite the Stonehenge Altar Stone, Stonehenge Lower Palaeozoic Sandstone and Devonian Cosheston Group sandstones having very different lithologies with very distinctive petrographies there has been a long-standing confusion in the published and unpublished literature between them, and their origins. The Lower Palaeozoic Sandstone has been mis-identified as being the Altar Stone and both the Altar Stone and the Lower Palaeozoic Sandstone have been misattributed to the Devonian Cosheston Group sandstones cropping out at Mill Bay close to Milford Haven. Some of this confusion has been described, discussed and briefly corrected by R.G. Thomas (1991), partially by Ixer and Turner (2006) and Ixer et al. (2017, 2019). However despite these corrections the errors persist in the popular literature and on many current on-line sources.

This confusion has an importance beyond geological niceties, as built upon these petrographical errors Milford Haven has been, until recently, considered as the departure point for bluestone orthostats on their seaward journey from the Mynydd Preseli to Stonehenge (Darvill 2006). An initial critical discussion of the marine ‘evidence’ of this journey, outlined by Ixer (2007), including showing that the ‘abandoned’ on-route ‘bluestones’ found on Steep Holm are small glacial erratics which do not derive from Pembrokeshire, remains unpublished. 

The detailed petrography for both of the Stonehenge sandstones is now published (Ixer and Turner 2006; Ixer and Bevins 2013; Ixer et al. 2017, 2019) but the Cosheston Group sandstone (Mill Bay Formation) from Mill Bay has not and is required. This, together with a critical analysis of the history of the three sandstones discussed in the archaeological literature are given here in full detail so that all earlier confusion can be accounted for, explained and hopefully eliminated.

The sandstones in the archaeological literature
Two different bluestone sandstones occur as orthostats and debitage at Stonehenge namely the Altar Stone and a more indurated mica-bearing sandstone (now called the Lower Palaeozoic Sandstone (Ixer et al. 2017)). The latter has only been found as debitage within the Stonehenge Landscape although it is thought to comprise two buried stumps, namely stones 40g and 42c (Ixer et al. 2017).

Stonehenge Altar Stone
The geographical origin of the Altar Stone sandstone (alongside all the other stones at Stonehenge) has been a matter of speculation since the mid-18th century and is succinctly reviewed in Thorpe et al. (1991, 119-124). William Stukeley (1740) thought the Altar Stone to be a Derbyshire marble, Phillips in Maskelyne (1878, 151) noted it was ‘a grey sandstone composed of quartz sand, silvery mica and dark grains (possibly hornblende)’ and suggested it was Devonian (Old Red Sandstone) or Cambrian in age, and Davies on the same page in Maskelyne noted the nearest similar looking sandstones cropped out at Frome in Somerset.

H.H. Thomas (1923, 244-245) also believed the Altar Stone to be Devonian in age and provided a macroscopic and microscopic description of it although it is unclear what sample(s) he looked at and his description is very, very similar to the one that he gives for the ‘Cosheston Sandstones’ in Strahan et al. (1914, 122) and is at variance with more recent descriptions in Ixer and Turner (2006), Ixer and Bevins (2013) and Ixer et al. (2019).  He suggested that the Altar Stone compared well with some green, micaceous and calcareous Old Red Sandstones found in South Wales, namely the Senni Group which crops out in a thin band between Kidwelly and Abergavenny or the Cosheston Group of Pembrokeshire (Dyfed) that “forms the northern shores of Milford Haven near Langwm, on the estuary of the river Claddau” (Figure 1). He warned it would be difficult to decide between the two formations either in the field or macroscopically. However, the presence of abundant garnet was seen as a distinguishing, perhaps even defining, feature of the sandstones within the ‘Cosheston Beds’ (Thomas 1923, 244). 

 “The bearing of the proper identification of the source of the altar-stone on the route taken by the transporters of the Stonehenge Foreign Stone is considerable. If the source is in the Senni Beds the inference would be that the stone was collected during an overland route through Glamorganshire. If, on the other hand the stones were derived from the Cosheston Beds on the shores of Milford Haven, it would tend to suggest that the route of transport of the Prescelly stones to Stonehenge was by way of Milford Haven and, therefore, probably in part by sea.” (Thomas 1923, 245).

A more cautious approach to the origin of the Altar Stone was given in Stone Axe Studies 2 (Clough and Cummins 1988, 156). Here, the Altar Stone (Wiltshire 61, thin section 277) is left unprovenanced and only described as a ‘micaceous sandstone’ and is distinguished from other non-sarsen sandstone fragments found in the Stonehenge area. 

Later, another Thomas (R.G.) (in Thorpe et al. 1991, 152-153) macroscopically described the Altar Stone as highly micaceous and without a pervasive spaced cleavage and, based on his extensive knowledge of the Cosheston Group (Thomas 1978), noted that the Senni Beds were ‘the most likely parent unit for the Altar Stone’. He cautioned, however, that a thin section description was needed before any provenance could be given. 

More recently, Kellaway (2002, 59) opined that the Altar Stone derives from the Lower Old Red Sandstone (Senni Beds) but probably where the outcrop pattern widens, namely to the east, in the Brecon Beacons (Figure 1). Kellaway’s Brecon Beacon origin is informed by his views that an inferred Pliocene ice-sheet transported the Altar Stone to Wiltshire. 

Ixer and Turner (2006) investigated Altar Stone thin section 277, giving a full petrographical analysis and compared that analysis with earlier descriptions. Further descriptions of believed Altar Stone debitage from Stonehenge were given in Ixer et al. (2017) and yet another set of descriptions of possible Altar Stone debitage and a re-analysis of 277 by Ixer et al. (2019) using automated mineralogy showed that all the samples were derived from the same lithology and probably from the same ‘large’ piece of rock. The most recent investigations, based on initial and on-going work on the sandstone clay mineralogy, add confirmation to the suggestion that the Altar Stone is from a Senni Beds outcrop probably in the east of southern Wales as noted by Parker Pearson et al. (2019).

The overwhelming consensus, especially amongst geologists who have looked at the material, favours the Senni Beds over the Cosheston Group as the origin for the Altar Stone and that it derives from an outcrop in southeast Wales rather than southwest Wales. 

Stonehenge Lower Palaeozoic Sandstone debitage

There are no above-ground Lower Palaeozoic Sandstone orthostats but there are two buried stumps, stones 40g and 42c; both are 20th century discoveries. Stump 40g was discovered first by Hawley in 1924 (who thought it to be volcanic ash) and then re-excavated by Atkinson. Buried stump 42c was discovered by accident in 1958. “The stump near it (42c) was found in the autumn of 1958 during the levelling of the turf after the restoration. It has not so far been examined petrologically but the description given by the workman who uncovered it suggests that it is of the same rock as stone 40g….  Cosheston Sandstone, a micaceous rock superficially similar to the Altar Stone” (Atkinson 1979). Earlier he was more neutral “Cosheston sandstone a blue-grey rock spangle with mica” Atkinson (1960, 48).

Outside of the Stonehenge circle Lower Palaeozoic Sandstone has been found in the tops of the Heelstone ditch (Pitts 1982, 123), the Stonehenge Greater Cursus ditch (Stone 1948, 14), and within Roman contexts in the Stonehenge circle (Darvill and Wainwright 2009).

In June 1947 Stone excavated the Stonehenge Greater Cursus close to Fargo Plantation. Although most lithic finds were flint a “3.5inch (9cm) diameter bluestone” was found “on the southern edge of the ditch in contact with the original chalk surface and a foot (30cm) below the surface”. The rock was sectioned (SASII Wilts 59 thin section 275) and petrographically identified by F. Wallis as a ‘fissile lamillar (sic) greyish-green sandstone tinged blue’ and comprising a ‘mass of angular quartz of two sizes cemented by micaceous material. Small amounts of muscovite, chlorite and feldspar are present and scattered volcanic material also occur’ (Stone 1948, 14).

Another piece of sandstone, excavated by Gowland (1902) from Stonehenge and initially described by Judd (1902) as an argillaceous flagstone, was found in the Salisbury Museum Stonehenge collection and was also sectioned and described by Wallis (SASII Wilts 60 276) who confirmed it to be identical to the Stonehenge Greater Cursus sandstone and that they were not the Altar Stone sandstone. 

Both (sections 275 and 276) were sent to K.C. Dunham of the Geological Survey who reported that ‘it is possible to match this rock almost exactly with a specimen of the Cosheston Beds, of Lower Old Red Sandstone age collected by E.E.L. Dixon from the shore of Mill Bay on the Milford Haven estuary, three-quarters of a mile north of Cosheston and 100 yards north-west of Millbay Cottage (our slice No. E8148). Grain size, mineralogy (including the micaceous minerals and the fresh oligoclase) are closely similar. While this may not, of course, be the exact source-locality, the evidence is quite strong enough to point to Cosheston-Senni beds of South-west Wales and to confirm your suggestion that this type of sandstone occurs around the Millford Haven estuary. I have shown your slides to Dr David Evans who knows this country well and he agrees with the identification. I doubt however whether the sandstone is sufficiently distinctive to make it possible to pin-point the exact locality”.

Stone concludes “The identification of a second (type of) rock from Milford Haven” (the first being the Altar Stone) “thus lends added support to the view that the Stonehenge rocks were embarked from there” (Stone 1948, 15). Ten years later he was more emphatic ‘and that the so-called Altar Stone of micaceous sandstone in all probability came from the Cosheston Beds around Milford Haven. The stump of a block of Cosheston grey-green sandstone and chippings have also been found more recently to have emanated from Mill Bay on the southern shore of the same Haven’ (Stone 1958, 82).

Similarly Atkinson (1956, 109) wrote enthusiastically “The micaceous sandstone of the Altar Stone occurs in the Cosheston Beds on the north bank, near Langwm about two miles below the head of the estuary; while a second variety of micaceous sandstone known at Stonehenge from chips only can be matched very closely at Mill Bay, a narrow inlet on the southern shore, four miles lower down. The occurrence of these rocks so close to each other combined with the fact that the estuary and its tributary river form the nearest practicable approach by water to the source of the stones makes it overwhelmingly probable that Milford Haven was the starting point of the sea journey to England”.

Howard Pitts (1982) added a further twist to the confusion; she misread or misunderstood the earlier petrographical work and so mis-identified two samples of the Lower Palaeozoic Sandstone as being the Lower Red Sandstone Altar Stone. She ‘recognised two fragments of grey-green sandstone flecked with mica (#535 and 656)’ and that ‘the stones were immediately identified as that micaceous rock from which the Altar Stone is hewn’ (Pitts 1982, 123). 

Rock (#535) was sectioned (this thin section and its rock sample are now lost) and ‘the sandstone was seen to consist of densely packed sub-angular quartz grains (some intergrown) with abundant interstitial muscovite and a little brown biotite. Rare fragments of plagioclase are scattered throughout. Section 535 is indistinguishable from slides identified (by K.C. Dunham) as ‘Cosheston Sandstone’ in the South West Implement Petrology Committee’s collection; presumably she is referring to SASII Wilts 275 and 276 and the assertion is correct. A polished thin section (656A) made from the other rock fragment namely Rock #656 (79 FN656 L/2 27.5.79) has been described in detail by Ixer et al. (2017). All are now recognised as Lower Palaeozoic Sandstone derived from somewhere in west Wales. 

In Stone Axe Studies II (Clough and Cummins 1988, 156) four non-sarsen sandstone fragments found in the Stonehenge area namely ‘Stonehenge cursus’ (thin section 275) and at ‘Stonehenge’ (276) (both seen by K.C. Dunham) and from Aubrey Holes 1 and 5 (thin sections 444 and 450 respectively are described as ‘sandstone (Cosheston Beds)’ (Clough and Cummins 1988, 157). 

R.G. Thomas (1991, 153-3) petrographically described sample 444 (from Aubrey Hole 1) as his sample number OU9. He noted “a pervasive, spaced pressure solution cleavage seen as anastomosing seams containing micas, organic material, iron oxides and clay minerals. In addition it has abundant flakes of diagenetic ‘white mica’ (sericite/illite) that show preferred orientations and it contains numerous small patches of diagenetic replacive chlorite. Relative paucity of heavy minerals and in particular its almost total lack of garnet. Detrital muscovite and biotite are also uncommon as are sedimentary rock fragments other than chert. Most metamorphic fragments are comparatively low grade (slates/phyllites)”.

He listed five ‘specific fundamental dissimilarities’ both mineralogically and texturally between OU9/444 and Cosheston Group sandstones noting that OU9/444 “definitely did not derive from the Cosheston Group or the Senni Beds”. This was re-confirmed in Thomas et al. (2006, 520). 

Huggett (1993) looked at the same material (OU9) and classified the sample as a micaceous sublitharenite and suggested that the minor amounts of carbonate were siderite whereas Thomas (in Thorpe et al. 1991 figure 16. 153) plots the rock in the middle of the subarkose field. However, essentially both recognised OU9 as a feldspar-rock fragment-rich micaceous sandstone.
 
Ixer and Turner (2006) petrographically described #275 and #276 held in the South West Implement Petrology Committee’s collection and they concluded that “the tectonic fabric and metamorphism of these two sandstones indicated that they are probably not from the Devonian Cosheston Beds but from an older Lower Palaeozoic more deformed sandstone sequence. All the rocks have a marked tectonic fabric and are low-grade metasediments suggesting they suffered deformation during the Caledonian (or possibly Variscan) Orogeny. Although this does not eliminate Devonian/Carboniferous rocks it also allows that either the sandstones are older Palaeozoic sediments or that they originated from outcrops present in the more tectonically deformed very west of Wales”. 

Subsequently Ixer et al. (2017) and Molyneux et al. (2017) examined, petrographically described and dated the sandstones using their contained microfossils (acritarchs). They showed that the Lower Palaeozoic Sandstone bluestone lithology was a coherent group comprising a Late Ordovician (or possibly just slightly younger, Early Silurian) metamorphosed feldspathic sandstone. 

The study reconfirmed that the four so called ‘Cosheston Beds’ sandstone samples from Stonehenge (SASII 275, 276, 444 and 450) have the same lithology and provenance as the other Lower Palaeozoic Sandstone samples and hence that their attribution to the Devonian Cosheston Group in Stone Axe Studies II is erroneous. 

Authigenic overgrowths on quartz and feldspars and the growth of neomorphic phyllosilicates are important characteristics of these sandstones and indicate a complex diagenetic and post-diagenetic/metamorphic history. The acritarchs found in the Lower Palaeozoic Sandstone show that it is marine and far older than either the Altar Stone or any of the Cosheston Group sedimentary rocks cropping out along Milford Haven. 

Cosheston Group sandstone from Mill Bay, Milford Haven
The most recent field and petrographical descriptions of the Cosheston Group rocks in the Milford Haven area are given in Thomas et al. (2006). The sequence including the Mill Bay Formation (the sandstones described by Dunham) predominantly comprises green, unfossiliferous, non-marine, siltstones and fine-grained sandstones (Thomas et al. 2006, 499)

There are few petrographical descriptions of the Mill Bay Formation sandstones in the archaeological literature but H.H. Thomas looked at thin section E8147 (British Geological Survey rock collection; thin sections E8147-50 inclusive are Mill Bay Group sandstones) and noted amongst the heavy detrital minerals considerable amounts of pink to colourless euhedral garnet (up to 2%) alongside lesser amounts of small zircon and tourmaline and little else (Strahan et al. 1914, 122).

Later K.C. Dunham investigated thin section E8148 and in a letter (17/10/1947) to Stone stated that it is ‘an impure sandstone, colouration due to chlorite. Also, muscovite, hydrobiotite and clay mica are present. Fresh oligoclase is a conspicuous minor constituent.’ (Stone 1948). He then ‘matched it ‘almost exactly’ to the Lower Palaeozoic Sandstone debitage found in the Stonehenge Landscape as noted in the previous section.

R.G. Thomas in Thorpe et al. (1991) described a Mill Bay Formation sandstone from Mill Bay West (MBW16) giving a modal composition determined by point counting (1991, 152) as shown in Table 1. The automated mineralogy data reported here and Thomas’ point counts are not immediately comparable as Thomas counted rock fragments (making up 20% of his counts) separately from mineral grains. Where a direct modal mineral comparison can be made the values are similar, (but note that as with other petrographers (Ixer and Turner 2006) he appears to have recorded untwinned feldspar as potassium feldspar rather than plagioclase (Ixer et al. 2019) although the total amount of feldspar recorded by both methods are close). He described the Cosheston Group sandstones as having muscovite > chlorite > green biotite with a diverse heavy mineral suite dominated by garnet (up to 2%) and with abundant sedimentary (mudstones and siltstones) and metamorphic (schists and quartzites) rock clasts. Spaced cleavage locally present was seen by kink-folding in micas (Thomas in Thorpe et al. 1991, 153).

However, in none of these is there a detailed petrographical description of the Mill Bay Formation sandstone taken from Mill Bay and discussed by Dunham and Stone. Such descriptions are given below
 
Sampling and methods 
The original thin section E8148 seen by Dunham is described and compared with thin sections and polished thin sections made from three samples collected from exactly the same outcrop as E8148. MB1, collected by Brian John, sampled a typical arenaceous unit. Two further samples, collected by Peter Turner (PMB1 and PMB2), also sampled typical arenaceous lithologies; these were ten metres apart and with a one metre difference in stratigraphic height. Sample PMB2 was collected because of its prominent quartz veining. Duplicate polished thin sections MB1a and MB1b were prepared from sample MB1 and thin sections were prepared from samples PMB1 and PMB2.

Two further samples of the Mill Bay Formation were collected and polished thin sections were prepared from them, namely MB2, a thinner more argillaceous unit collected between Mill Bay and Whalecwm Jetty, and MB3 a thicker arenite from Whalecwm Jetty, which is approximately 1km to the northeast of the Mill Bay locality. Samples from Lawrenny Quay (approximately 3km to the northeast of Mill Bay) in the overlying Lawrenny Cliff Formation collected by Geoffrey Wainwright as “possible Altar Stone” were also sectioned and investigated. Macroscopically (and microscopically) the Lawrenny Cliff Formation sandstones are much reddened and too dissimilar to any potential Altar Stone/Lower Palaeozoic Sandstone to warrant further consideration.   

Four polished thin sections (MB1a, MB1b, MB2 and MB3) were counted using automated mineralogy techniques (in this case QEMSCAN) and these results were integrated with the manual petrography and compared with R.G Thomas’s manual point counting results.

Methods
Petrographical methods are those that are given in Ixer et al. (2019) and comprise transmitted and reflected light petrography and automated mineralogy. A quantitative automated mineralogy technique using SEM-EDS was adopted. Uncovered polished thin sections were carbon coated and then ‘mapped’ by the acquisition of energy dispersive (ED) spectra at a 10μm spacing across the samples. The chemical spectra were then assigned to a mineral name or chemical grouping (Pirrie et al., 2004). Each thin section was mapped with the acquisition of between 2687030 and 3543827 individual EDS analysis points per sample. The automated mineralogy data were acquired using a QEMSCAN system and processed using the iDiscover 5.3 software. Once measured the raw data were processed by comparison with a database of mineral species, with the data reported as mineral groupings, the modal abundance of which is shown in Table 1.  

Results
British Geological Survey thin section Label reads: “E8148. 228 40.NW Shore of Mill Bay 150 yds NW of Millbay Cottage ?Penn104” 
This is a thin section with a cover slip and so not suitable for reflected light investigation or automated mineralogy. The thin section is a uniform, fine-grained (average grain size ~187μm so a fine sandstone), pale olive (10Y 7/2 on the Geological Society of America rock-color chart) litharenite with poorly developed planar bedding. The clasts are well-sorted, angular and are clear or light brown.

It is a fine-grained, pale-coloured, homogeneous, well-sorted litharenite with angular to sub-angular grains. The mean grain size is about 0.175mm but there are grains from 0.05mm up to 0.3mm in diameter. Most grains are sub-angular but there is an admixture of sub-rounded grains and the rock can be classified as texturally sub-mature. Some of the more angular grains are due to chemical compaction. There is only a very poorly developed planar fabric which is part depositional and part compactional as evidenced by deformed muscovite-chlorite-rich lamellae (Fig 2).

There is no interstitial, detrital clay component; the rock is clast-supported. Quartz is accompanied by plagioclase and potassium feldspar and minor amounts of muscovite and chlorite (Figs. 2, 3 and 4).      

Angular, monocrystalline quartz is both unstrained and strained; it the most abundant single mineral and only locally shows authigenic, syntaxial overgrowths. There are a small number of grains with undulose extinction and some chert fragments. Sodic plagioclase and alkali feldspar including rare perthite comprises up to 20% of the framework components. They are fresh or alter to cloudy brown grains comprising very fine-grained white mica; authigenic feldspar overgrowths if present are very rare. The other important framework components are phyllosilicates with, in order of abundance, muscovite, chlorite and biotite (Figs 2, 3 and 4). Muscovite flecks, some long, are present lying along the laminae but a few flakes lie at high angles to the bedding (Fig. 4). Lesser amounts of chlorite with both brown and blue interference colours and rare, mixed muscovite-chlorite or mixed biotite-muscovite laths and single biotite crystals make up the rest of the identifiable phyllosilicates.  
 
Rock fragments are abundant but in lesser amounts than single crystals. They are all fine-grained internally and include very fine-grained quartz mosaics (‘chert’) and mudstone/phyllite and rare quartz-chlorite intergrowths (Fig. 2).

The accessory mineral suite, some concentrated within poorly-defined heavy mineral bands, is limited but includes detrital garnet, zircon and minor apatite and brown and green tourmaline. There are abundant widely disseminated fine grained opaque minerals and TiO2 some of which is probably authigenic in origin (Fig. 3). Another key feature of the rock is a feint reddish-brown tinge due to the presence of very fine grained iron oxides which coat some grains and partially alter chlorite; this is a characteristic of former ‘red beds’ which have been secondarily bleached due to reaction with reducing fluids, a phenomenon often seen in the Old Red Sandstone. 

Carbonate and kaolinite are absent but an important diagenetic feature is the presence of pore-filling authigenic quartz.

Combined Mill Bay (Sections MB1a, MB1b)

Mill Bay, to the south of the footpath that comes down below Mill Bay Cottage (little peninsula where path descends to beach). Mill Bay is c. 200m away. This is the assumed locality for E8148 (Brian John and Peter Turner pers comms). Sections MB1a and MB1b are duplicate sections from the same sample. 

A fine-grained, pale-coloured, homogeneous, moderately sorted feldspathic sandstone/litharenite with sub-rounded to sub-angular grains. The main grain size is between 100-200μm with a maximum grain size of about 300μm in diameter. The sandstone has a crude laminated fabric with bands of more muscovite/matrix-rich siltstone alternating with slightly cleaner sandy laminae. An interstitial, detrital? clay component is present in the silty layers; however, most of the rock is clast-supported. The planar fabric is disturbed by closely spaced clay rich zones normal to bedding and interpreted as rootlets. 

Quartz (~50%) is accompanied by plagioclase and potassium feldspar (QEMSCAN data show approximately 23.0% total feldspar with very little potassium feldspar) along with minor amounts of muscovite (~5%) and minor to trace amounts of chlorite, opaques, biotite, garnet, zircon, tourmaline and apatite (Figs 5 and 6). Rock fragments are very fine-grained and are siliceous ‘chert’ (Fig. 6) and fine-grained sandstone or are clay/mica-rich.

Angular, monocrystalline quartz is both unstrained and strained. It is the most abundant single mineral and only locally shows authigenic, syntaxial overgrowths; some grains are elongated in the direction of the planar fabric. Locally polycrystalline quartz clasts occur (Fig. 5). Sodic plagioclase and alkali feldspar including rare perthite and microcline are fresh or alter to fine-grained white mica (Fig. 6); authigenic feldspar overgrowths if present are very rare. 

Muscovite flecks, some long, are abundant lying along the laminae but a few flakes are at high angles to the bedding and others show kinking about quartz/feldspar (Fig. 5). Lesser amounts of chlorite with blue interference colours and rare, single biotite crystals, some kinked, make up the rest of the identifiable phyllosilicates. QEMSCAN data suggest that chlorite (~6.0%) is more abundant than it appears optically, suggesting that much of the unrecognised chlorite is present in the clay/mica-rich rock clasts.

Rock fragments are abundant and all internally fine-grained and include very fine-grained quartz mosaics (‘chert’) and mudstone/phyllite. Other, rare, 100-200μm long, clasts are vesicular volcanics, graphitic shales or phyllite with <<1μm long, pale-coloured TiO2 along their cleavage; one 160μm diameter clast has abundant, 1-2μm pyrite within it.

Detrital heavy mineral grains, some concentrated within well-defined, 0.5mm thick, heavy mineral bands are present in significant amounts. 

Garnet is zoned and 40-150μm in diameter; it is rounded to euhedral and larger grains are fractured. It encloses 1-20μm long ilmenite, hemoilmenite, pale-coloured TiO2 minerals and 1-5μm diameter pyrrhotite. Rounded to euhedral, zoned zircon; brown to red rutile that often shows multiple twinning; rounded, zoned, brown and blue-green tourmaline; rounded to euhedral chromite with brown internal reflections and apatite are also present. Garnet, opaques and zircon are the most abundant and all the heavy minerals are 20-150μm in diameter. Discrete graphite laths are rare.

Much of the heavy minerals suite comprises altered iron titanium oxide minerals 30-150μm in size but trace amounts of unaltered, 20μm diameter ilmenite and magnetite are present in quartz grains. Altered ilmenite is replaced by yellow TiO2 minerals. Former titanomagnetite now consists of 1-2μm wide, orange TiO2 laths after ilmenite oxidation exsolution lamellae in a spongy white TiO2 matrix or are present as ‘leucoxene’. Minor magnetite up to 60μm in diameter has altered to fine-grained TiO2 minerals. Other ex-iron titanium oxide grains including magnetite-ilmenite intergrowths have been replaced by white or pale yellow, poorly polished TiO2 minerals. 

Authigenic discrete TiO2 minerals are widespread as poorly crystalline, pale-coloured masses or as 10-80μm diameter, euhedral, neomorphic crystals. Voids are partially infilled with small, euhedral, pale-coloured TiO2 crystals. Euhedral, pentagonal dodecahedral pyrite and framboidal pyrite aggregates, both up to 120μm in size, are oxidised to limonite. 

Very fine-grained hematite pigment is rare but 30-160μm diameter rock clasts carry 1-2μm long crystals. However, the feint reddish-brown tinge (dusky yellow 5Y 6/4 on the Geological Society of America rock-color chart) is due to the presence of very fine grained hydrated iron oxides which coat some grains and partially alter chlorite. This is a characteristic of former ‘red beds’ which have been secondarily bleached due to reaction with reducing fluids and is compatible with the occurrence of plant fossils and rooting structures in the Mill Bay Formation.

QEMSCAN data (Table 1) confirm the modal abundances of the heavy mineral suite with garnet 0.59-0.72%, TiO2 phases 0.53-0.57%, apatite 0.14-0.15%, zircon 0.06-0.08% and tourmaline 0.03% present, and that carbonate (<0.05%), barite (0.01%) and kaolinite (0.10-0.15%) are only present in trace amounts and therefore not significant diagenetic cements. 

Mill Bay Thin sections PMB1, PMB2 

Petrographically these are almost identical to the above sections. PMB2 is cut by multiple, secondary quartz veinlets and locally has alternating thin, siltier layers with greater amounts of white mica. The quartz veinlets are at varying angles to the lamination and are from 0.3-1.0mm wide but include a 5.0mm wide coarse-grained quartz vein with a thin phyllosilicate margin. The heavy mineral suite and rocks clasts are identical to MB1a and MB1b but with the addition of very rare metamorphic quartz-muscovite, vein quartz-chlorite and graphic granite clasts, all of which are noted from the Mill Bay Formation (Thomas et al. 2006, 510).

Mill Bay Formation. 50m from Whalecwm jetty. Polished thin section MB3. 

Sample from fresh rock fall from root disturbance/rocking free, from about 1m above Red Marl junction (Brian John pers comm).

A fine-grained sandstone weathered a greenish-grey (5GY 6/1 on the Geological Society of America rock-color chart) to a light olive-grey (5Y 6/1). It is sharp and rough to the touch but has little fabric. The cut surface is a light bluish-grey (5B 6/1) and shows a fabric-free, uniform, medium-grained sandstone (~250μm diameter grain size) with rare limonite spots after oxidised sulphides and white mica visible on the surface. 

 A fine-grained, pale-brown, homogeneous, well-sorted feldspathic sandstone/litharenite with angular to sub-angular but including some sub-rounded rock and mineral grains. The main grain size is between 100-200μm in diameter. A planar fabric is defined by the presence of thin, muscovite-rich or quartz-rich silty laminae. There is no interstitial, detrital clay component; the rock is clast-supported. Quartz is accompanied by plagioclase and alkali feldspar and minor amounts of muscovite and minor to trace amounts of chlorite, opaques, biotite, garnet, zircon and tourmaline. Rock fragments are very fine-grained and include siliceous ‘cherts’ and clay/mica-rich and quartz-mica metamorphic clasts.  

Abundant angular, monocrystalline quartz is both unstrained and strained and only locally shows authigenic syntaxial overgrowths; some grains are elongated in the direction of the planar fabric (lamination). Locally polycrystalline quartz mosaic clasts occur. Acid plagioclase and alkali feldspar including microcline, are fresh or strongly alter to fine-grained white mica; some potassium feldspar shows authigenic overgrowths. Muscovite flecks, some long, lie along the laminae planes but a few flakes are at high angles to the bedding and others show kinking. Lesser amounts of chlorite with blue interference colours, some replacing biotite, and rare, single, brown biotite crystals make up the rest of the identifiable phyllosilicates. 
 
Detrital heavy mineral grains are present in significant amounts. They include euhedral to rounded, zoned and fractured garnet enclosing ilmenite laths; euhedral, zoned zircon; dark yellow to orange-red rutile; rounded chromite grains with brown internal reflections and speckling or fracturing, and zoned, brown and deep green tourmaline. Trace amounts of epidote and possible green amphibole enclosing tourmaline are also present. Garnet, opaques and zircon are the most common heavy minerals and are up to 80-120μm in size. Graphite laths are rare.

Rock fragments are abundant and approximately equal to or slightly greater in amount than monocrystalline grains. They include very fine-grained quartz mosaics (‘chert’)/rhyolite, fine-grained quartzite, mudstone/phyllite with pale-coloured TiO2 along their cleavage planes; very rare, fine-grained basalt and fine-grained quartz-muscovite and quartz-chlorite metamorphic clasts.

Much of the heavy mineral suite comprises a wide range of unaltered to altered iron titanium oxide minerals 10-200μm in size.  Trace amounts of ilmenite are present in quartz as is chalcopyrite. Altered, lobate ilmenite has altered to fine-grained, pale-coloured TiO2 minerals. Former titanomagnetite now consists of thin, orange TiO2 laths after ilmenite oxidation exsolution lamellae in a white, spongy TiO2 matrix after magnetite or have altered to ‘leucoxene’. Other former iron titanium oxide grains have been replaced by pale-coloured to brown TiO2 minerals.  

TiO2 minerals are widespread as poorly crystalline, pale-coloured masses or small, euhedral, neomorphic crystals; larger euhedral crystals are rare. Locally voids are partially infilled with small octahedrite crystals.

Limonite forms pseudomorphs after pyrite crystals; it is zoned and encloses very small phyllosilicate laths and TiO2 crystals. Very rare framboidal pyrite 5-30μm in diameter has altered to limonite. 
 
Despite the distance between samples MB1 and MB3 (approximately one kilometre) QEMSCAM data (Table 1) show the similarity between the two sandstone samples, suggesting that the Mill Bay Formation sandstone unit is quite uniform as suggested previously by Thomas et al. (2006). The data are in good agreement with manual petrography and show that carbonate (<0.02%), barite (0.01%) and kaolinite (0.10%) are only present in trace amounts, therefore not as significant diagenetic cements. The data also record the relative abundances of the heavy mineral suite with garnet 0.30%, TiO2 phases 0.29% apatite 0.03%, zircon 0.01% and tourmaline 0.03%. The garnet percentage is less than the “up to 2%” reported by H.H. Thomas (Strahan et al. 1914) and closer to the 0.6% recorded by R.G Thomas (Thorpe et al. 1991, 152).
 
Mill Bay Formation MB2 

Approximately 50m NE of footpath on peninsula between Mill Bay and Whalecwm Quay.  

A fine-grained, micaceous sandstone weathered to a yellowish grey (5Y 6/2 on the Geological Society of America rock-color chart). It shows little fabric but has abundant muscovite flakes on some surfaces. The cut surface is a light olive-grey (5B 6/1) and shows a fabric-free, uniform, fine-grained sandstone (~187μm diameter grain size).  
 
It is a fine-grained, brown, homogeneous, well-sorted litharenite with angular to sub-angular grains. The main grain size is between 100- 150μm in diameter. A distinct non-planar fabric is defined by the presence of thin muscovite-rich silty and quartz-rich sandy laminae. There is no interstitial detrital clay component; the rock is clast-supported. Quartz is accompanied by alkali feldspar and plagioclase and lesser amounts of muscovite and minor to trace amounts of chlorite, opaques, biotite, garnet, zircon, tourmaline and apatite. Rock fragments are very fine-grained and both siliceous (‘chert’) and clay/mica-rich clasts occur.  

Abundant monocrystalline quartz is both unstrained and strained and only locally shows authigenic syntaxial overgrowths; some grains are elongated in the direction of the planar fabric (lamination). Locally, polycrystalline quartz clasts occur and some quartz is metamorphic. Acid plagioclase and alkali feldspar, including rare microcline, are fresh or alter to fine-grained white mica; authigenic feldspar overgrowths if present are very rare. Abundant, muscovite flecks, some long, are present lying along the laminae planes but a few flakes are at high angles to the bedding and others show kinking. Biotite altering to chlorite is widespread; lesser amounts of chlorite with blue interference colours and rare, mixed biotite-muscovite crystals make up the rest of the identifiable phyllosilicates.   

Rock fragments are abundant, many are stained with limonite and are approximately equal in amount to the monocrystalline grains. They are all internally fine-grained and include quartz mosaics (‘chert’) and mudstone/phyllite and very rare graphic granite. Rare, long clasts consist of fine-grained volcanics with former iron titanium oxide minerals in them, and graphitic shales or phyllite with pale-coloured TiO2 or hematite pigment along their cleavage planes.

Significant amounts of detrital heavy mineral grains, some concentrated within well-defined, 0.2-0.5mm thick, heavy mineral bands are present. They include rounded to euhedral, zoned, often fractured, 20-80μm diameter garnet which encloses small ilmenite and pale-coloured TiO2 minerals. Very locally, small 120μm diameter clusters of 5-10μm garnet are present. Garnet is accompanied by euhedral, zoned zircon, dark yellow to orange rutile, rounded to euhedral chromite with brown internal reflections and speckling and rounded green tourmaline. Garnet, opaques and zircon are the most common heavy minerals. Graphite laths are rare.
 
Much of the heavy mineral suite comprises a wide range of unaltered to altered iron titanium oxide minerals all 30-120μm in size. Rounded to lath-shaped ilmenohematite and titanohematite grains are unaltered. Ilmenite has altered to fine-grained hematite. Former titanomagnetite now consists of 1-2μm wide TiO2 laths after ilmenite oxidation exsolution lamellae in a spongy TiO2 matrix or have altered to ‘leucoxene’. Euhedral magnetite crystals have oxidised to hematite including martite, but many retain small relict cores. Other former iron titanium oxide grains have been replaced by fine-grained hematite or fine-grained hematite-TiO2 mixtures.   

TiO2 minerals are widespread as poorly crystalline, pale-coloured masses or as small, euhedral, neomorphic crystals. Locally these crystals form aggregates. Patches of hematite pigment are 30-80μm across; single hematite laths are the same size. Very rare limonite forms pseudomorphs after small pyrite crystals.  

QEMSCAN modal analyses show that MB2 is more argillaceous than either MB1 or MB3 which are fine-grained sandstones. MB2 has more muscovite and biotite and a considerably higher clay mineral component; this is at the expense of the rather different feldspar composition with less plagioclase or more potassium feldspar. Its heavy mineral content carries less garnet than the coarser grained sandstones but higher amounts of iron titanium oxides. 
 
Discussion                 
The recent re-examination of the three different sandstones has differed from earlier attempts by using a combination of detailed ‘total petrography’ supplemented and augmented by automatic mineralogy (QEMSCAN), palynology and by investigating multiple samples. In addition, earlier samples discussed in the literature have been re-examined and re-evaluated, new material collected in the field and the literature fully reviewed and discussed. 

This new work clearly demonstrates that all three sandstones are significantly different from each other and that each group is petrographically very tight (as to be expected if the samples come from single large orthostats (Altar Stone and Lower Palaeozoic Sandstone) or from a restricted outcrop (Mill Bay Formation sandstone). Each sandstone is distinctive in term of its minor accessory/heavy minerals (reflecting its source area), diagenetic history as determined by its authigenic cements and clay minerals, and its tectonic and metamorphic history as seen by its clay mineralogy and presence/absence of any tectonic fabric.

The detailed petrography of the Altar Stone will not be repeated as it has been given in Ixer and Turner (2006), Ixer and Bevins (2013) and Ixer et al. (2019), the last being the most comprehensive including integrating the results of automated mineralogy with manual petrography. Despite samples coming from different areas within the Stonehenge circle and from different contexts (albeit in limited numbers) they are remarkably similar, with distinctive kaolinite, barite and carbonate cements about the clastic grains. There is little evidence for metamorphism. The Altar Stone sandstone is generally accepted to be from the Senni Beds (R.G Thomas 1978; Kellaway 2002; Ixer et al. 2019), which have an extensive outcrop in South Wales (Figure 1) but for much of this area the outcrop is thin, only widening towards eastern Wales and the Welsh Marches. The composition and relative abundances of the clay minerals in Devonian sandstones systematically varies from east to west Wales (reflecting a change in the metamorphic grade) (Hillier et al. 2006) and preliminary work on the Altar Stone clay mineralogy suggest that the sandstone may be from the east of Wales.  

The initial detailed petrography of the Lower Palaeozoic Sandstone is given in Ixer and Turner (2006), but far greater detail from more specimens together with microfossil age dating is presented in Ixer et al. (2017). The fabric of the sandstone shows it has suffered higher grade metamorphism and tectonism than either of the other two sandstones and the presence of abundant acritarchs demonstrates that it was derived from a late Ordovician/Early Silurian marine sediment (Molyneux et al. 2017), again unlike the other two sandstones. It has an unusual and wide-ranging distribution within the Stonehenge Landscape including occurring in the Stonehenge Greater Cursus (Stone 1948) and in Roman contexts within the Stonehenge circle (Darvill and Wainwright 2009). Although no exact geographical provenance can be given for the sandstone, rocks of this character and of this age and type crop out to the north of the Mynydd Preseli (Figure 1).

Although R.G Thomas et al. (2006) gave a full and very detailed field and petrographical description of the Mill Bay Formation there is no detailed petrography of the Mill Bay sedimentary rocks in the archaeological literature with only brief descriptions given in Stone (1948, 14-15), H.H. Thomas (1923, 244) and R.G. Thomas (Thorpe et al. 1991, 152-153). The first detailed petrography is given here using the same thin section as Dunham and new thin sections from his named locality.  Petrographically thin section E8148 described by Dunham and re-described here and the newly collected samples are sufficiently similar to conclude that they were all taken from the same outcrop and are therefore interchangeable.

The Mill Bay Formation sedimentary rock from this locality is a feldspathic lithic sandstone with much phyllosilicate. Carbonate, barite and kaolinite cements (characteristic of the Altar Stone) are absent; it has a poor, if present, weak tectonic fabric (a marked metamorphic fabric is characteristic of Lower Palaeozoic Sandstone) and as noted by earlier authors it carries significantly more garnet than either of the other two sandstones.

Thomas et al. (2006, 481) stated that the Mill Bay Formation sediments “were deposited by east-flowing axial river systems”. In addition, the Cosheston Group palynomorph assemblages comprise entirely land-derived forms, apart from extremely rare marine palynomorphs (acritarchs and chitinozoans) which are almost certainly reworked (Thomas et al. 2006, 516). This strongly suggests the Cosheston Group spore-bearing strata accumulated in a non-marine environment (Wellman et al. 1998); the sequence is considered to be of fluvial origin by Thomas et al. (2006). Thus evidence from palynofacies analysis supports interpretations based on field and petrographical data, including the presence of rootlets in the sections used in this study, that these are non-marine sandstones. 

Despite Dunham’s suggestion that the ‘Cosheston sandstones’ from Mill Bay were identical to Lower Palaeozoic Sandstone samples taken from the Stonehenge, no sedimentary (or any other) rock from the Milford Haven area has been recognised within the Stonehenge Landscape. 

Although radiometric dating, most notably C-14 dating, of archaeological artefacts is routine the use of broader geological dating in archaeology is less common. On two separate occasions geological dating has been of value in Stonehenge studies. Fossil dating (acritarchs) is the clearest evidence that the Lower Palaeozoic Sandstone is not Devonian in age and so not from Milford Haven. In addition, very precise radiometric zircon dating on zircons from Stonehenge rhyolite debitage and from in situ rocks at Craig Rhos-y-felin was able to confirm that Craig Rhos-y-felin, belonging to the Ordovician Fishguard Volcanic Group, was the origin of some of the rhyolite debitage but not of the rhyolitic orthostat SH48. A stone fragment linked to Stone 48 yielded a very close but not identical Ordovician age which although it fell within the known age range for the Fishguard Volcanic Group was sufficiently different from that of Craig Rhos-y-felin to suggest that SH48 came from a separate locality. 

Conclusions
Despite 70 years of confusion between the Altar Stone, Lower Palaeozoic Sandstone and Mill Bay Cosheston Group sandstones they are petrographically very different and have no relationship. 

The Altar Stone has its origin somewhere in Wales, possibly in east Wales/Welsh Marches, within the main and thickest sandstone outcrops of the Senni Beds; the Lower Palaeozoic Sandstone in west Wales from outcrops somewhere north or northeast of the Mynydd Preseli and the location of the Lower Old Red Sandstone Cosheston Group sandstone from Mill Bay is precisely known, namely on the banks of Milford Haven.

No material from any rock from Milford Haven has been recognised in the Stonehenge Landscape and there is no evidence for any relationship between any site around Milford Haven and any site on Salisbury Plain. Sir Kingsley Dunham, equating a Devonian age Cosheston Group sandstone from Mill Bay and Ordovician/Silurian age Lower Palaeozoic Sandstone, is erroneous. He, Stone and Atkinson, rather than H.H. Thomas (who was ambivalent) are the ultimate authors for the idea that the Milford Haven area was the origin for both the Altar Stone and Lower Palaeozoic Sandstone and the ‘logical’ follow-on suggestion that the southward transported Stonehenge bluestones were shipped out from Milford Haven to move seaward along the Bristol Channel.

Although earlier sandstone petrographical provenancing erroneously pointing to Milford Haven suggested a marine transport route for the bluestones, better and more detailed provenancing enhanced with modern analytical techniques has now sunk that idea. The new studies instead strongly indicate a number of inland geographical origins for the bluestones; hence a land route is now firmly preferred over a sea route. 

It should be recognised throughout this that the role of petrography in provenancing has remained pivotal (but is made more powerful when combined with geochemical techniques) and that the belief/mantra “no provenance is better than wrong provenance” (Ixer 2003) remains eternally true.
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Table 1.  Stonehenge bluestone sandstones – a summary

	Occurrence	Description	Petrography	Provenance	Representative samples
Altar Stone	Stonehenge Altar Stone, debitage	Fine grained,carbonate-cemented, micaceous sandstone	Feldspathic sandstones with distinctive early kaolinite, barite and carbonate cements with little evidence for metamorphism	?Senni Formation	Wiltshire 61 277, FN 593 HM 13 3v/1 SH 08 196Full list in Table 1Ixer et al 2019
Lower Palaeozoic Sandstone	?Buried stumps stones 40g and 40c, debitage, tops of the Heelstone ditch, Aubrey Holes, Greater Cursus ditch and Roman contexts in the Stonehenge circle	Mica-bearing lithic meta-sandstone	Low grade metamorphism and distinctive fabric and shale clasts. Authigenic overgrowths on quartz and feldspar with neomorphic phyllosilicates	Ordovician-Silurian Lower Palaeozoic Sandstone?North and north-east of Preseli.	Wiltshire 136 444 and  142 450, Greater Cursus 142/1947.18, Stonehenge (2008) C1 196, C12 247Fuller list in Table 1 Ixer et al 2017
Mill Bay Formation? sandstones	Based on petrographical evidence now considered not to be present within the Stonehenge Landscape 	Feldspathic sandstone / litharenite	Litharenite / feldspathic sandstone, laminae with heavy minerals, including garnet, lacking carbonate, barite and kaolinite or metamorphic fabric.	Cosheston Group at Mill Bay	BGS thin section E8148, MB1, MB2, MB3, PMB1, PMB2
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